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Abstract. We describe a novel method for phase recovery in neutron reflectometry which is 
based on using Gd reference layer of known thickness. Deposition of Gd reference layer at the 
top of unknown nanostructure allows us to reconstruct the complex reflection coefficient from 
the structure and to solve phase problem for magnetic nanostructures under investigation. This 
method makes it possible to use direct model-independent approaches (for example, Gelfand-
Levitan-Marchenko approach) to obtain the scattering potential. 
1. Introduction 
The scattering of slow neutrons and, in particular, neutron reflectometry, is one of the most powerful 
methods for investigating the planar nanostructures, surfaces, and interlayer boundaries. The method is 
based on the analysis of the specular reflection of slow neutrons incident at small angles to the sample 
surface. This method allows us to get information about the depth dependence of neutron optical 
potential. Using polarized neutrons, one can also determine the depth dependence of magnetic 
moments. 
Resonant scattering is traditionally used in X-ray reflectometry but not in neutron reflectometry 
because the scattering lengths of slow neutrons are generally independent of their energy. This 
condition is true for the most isotopes. Earlier, methods for using resonance effects in neutron 
diffraction have been proposed and in some cases experimentally implemented, for example, for 
isotopes 113Cd, 149Sm, etc., to determine the amplitude and phase of wide-angle Bragg reflections      
[1-3]. Resonance effects in reflectometry are most often used for the analysis of secondary emission 
[4]. The possibilities of neutron reflectometry can be expanded by using the resonant scattering of 
slow neutrons by isotopic nuclei that have resonance absorption. In this paper, we use resonance 
effects to solve the phase problem in neutron reflectometry. 
It should be noted that methods based on usage of reference layers were already developed to 
determine the phase of the reflection coefficient in neutron reflectometry [5-12]. These approaches are 
based on usage of a magnetic reference layer with known characteristics, which is deposited between 
unknown nonmagnetic structure and substrate. The approach implies measuring the reflection 
coefficient of polarized neutrons three times for every momentum transfer value (positive, negative 
and out-of-plane direction of magnetic field). Combined analysis of three reflectivity curves makes it 
possible to restore the modulus and phase of the reflection coefficient for the unknown part of the 
sample. In our works [13-14], we considered a possibility of usage Gd reference layer to study 
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magnetic multilayered structures. This is possible because two Gd isotopes, 155Gd and 157Gd, have a 
strong dependence of the scattering length versus the neutron wavelength in the thermal region [15]. 
Therefore, if the series of three experiments with different scattering lengths of gadolinium in the 
reference layer were obtained, the complex reflection coefficient of the unknown system can be 
determined. Earlier in numerical experiments, we showed that the method works successfully.  
In this paper, the theoretical description of the proposed method is formulated. Results of an 
experimental determination of the modulus and phase of the complex reflection coefficient from two 
systems with the reference Gd layer are presented. 
2. Theory 














 is momentum transfer. 
Suppose that the planar nanostructure can be divided into a set of separate slices of small enough 
but finite thickness and scattering potential in each slice can be considered as constant.  
If these equations and boundary conditions at the interface between layers i and i-1 are analyzed, 
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The following relationship between the reflection r and the transmission t coefficients of the 
nanostructure can be obtained using the continuity condition for the wave function and its derivative at 
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Let us return to the scheme with the reference layer. In this case, the sample consists of two parts. The 
reflective properties are described by the matrices G and H. There is a known reference layer H on the 
layer G with unknown structure. This system can be considered as a two-layer and full optical matrix 
is  
𝑀 = 𝐺 ∙ 𝐻       (6) 
The reflection coefficient rg of the unknown part of the sample is a point on the circle in the 












∗ .     (8) 
where hij are the elements of the matrix H, and R is the amplitude of the reflection coefficient of the 
complete system. 
If three measurements of the reflection intensity with three different parameters of the reference 
layer are carried out, the reflection coefficient rg can be defined as the intersection point of the three 
circles. 
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Firstly, the numerical simulations for model systems Cr/Fe with Gd(50Å)/V(20Å) reference layers 
deposited at the top of the structure were carried out. Three reflectivity curves for systems with 
reference layer were modeled. For each sample, the modulus and the phase of the complex reflection 
coefficient for initial system was calculated. Using these data the scattering potential was calculated 
with the Gelfand-Levitan-Marchenko equation [14]. 
Secondly, experiments on the neutron reflection from the non-magnetic Ti film and the three-layer 
film Cr/Fe/Cr with reference layer Gd(50Å)/V(50Å) were carried out. The samples were grown with 
UHV magnetron sputtering on Si substrates. Layer thicknesses were determined with X-ray 
reflectometry on PANalytical Empyrean laboratory diffractometer. The neutron reflectivity curves 
were measured at reflectometer REFLEX operated at IBR-2 pulsed reactor (JINR, Dubna, Russia) at 
three different incident angles. The polarized reflectivity curves were measured for our samples with 
high resolution in the Q range from 0.015 to 0.045 Å-1. Background and direct beam were also 
measured with high resolution and good statistics.  
Neutron reflectometry curves for Si//Ti(550Å)/Gd (50Å)/V(50Å) measured at three incident angles 
of 4.2; 5.5; 8.72 mrad are presented in figure 1. 
The experimental reflectometry curves for the Si/Cr(300Å)/Fe(300Å)/Cr(200Å)/Gd(50Å)/V(50Å) 
three-layer systems measured at three incident angles: 3.1; 5.3; 9.0 mrad are presented in figure 2. 
 







































Figure 1. Reflectometry curves for 
Si//Ti(550Å)/Gd(50Å)/V(50Å). 
Figure 2. Reflectometry curves for 
Si//Cr(300Å)/Fe(300Å)/Cr(200Å)/Gd(50Å)/V(50Å) 
 
By using equation 9 and known properties of Gd/V reference layer the modulus and phase of the 
complex reflection coefficient for initial systems Si//Ti(550Å) and Si//Cr(300Å)/Fe(300Å)/Cr(200Å) 
were calculated [18]. In figures 3 and 4 the experimentally determined modulus and phase are 
presented together with those calculated theoretically using nominal layer thicknesses. We note good 
qualitative agreement between theoretical and experimental curves. 
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Figure 3. Modulus (a) and phase (b) of the complex reflection 
coefficient for the system Si//Ti(550Å). 
 
































Figure 4. Modulus (a) and phase (b) of the complex reflection 
coefficient for the system Si//Cr(300Å)/Fe(300Å)/Cr(200Å) 
4. Conclusion 
It was shown that Gd reference layer deposited at the top of unknown layered structure allows us to 
recover the phase of complex reflection coefficient from this structure. The presented approach can be 
easily generalized to polarized neutrons. It gives possibility to study the magnetic nanostructures, in 
particular, metallic superlattices with complicated magnetic structure, e.g. with non-collinear magnetic 
ordering of the layers’ magnetic moments.  
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The results showed that the phase of the reflection coefficient is most sensitive to changes of 
structure parameters. Small deviations of the initial values lead to significant changes in reflection 
phase. Thus, this allows the use of a phase to distinguish between structures having a similar reflection 
coefficient modulus. 
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